Introduction
Characterization of the cell surface phenotype of normal human hematopoietic stem cells (HSCs) has been very successful, and purity greater than 1 in 10 cells can now be achieved. 1 In contrast, acute myeloid leukemia (AML) stem cell phenotypes 2, 3 remain poorly defined and show enormous variability between specimens and genetic subgroups, 4, 5 thus compromising the isolation of leukemia stem cells (LSCs), which is the basis for developing LSC-eradicating therapies. Low LSC frequencies in currently available mouse models 4, 6 and rapid onset of differentiation upon ex vivo manipulation 7 further limit ex vivo studies using primary patient material. Inability to identify surface markers to highly purify these cells therefore led to questioning of the existence of a consistent LSC surface marker for this disease. Most of the recent studies reporting novel LSC markers have extended the original definition of an LSC marker to cell surface antigens expressed preferentially on leukemic cells, but not on normal HSCs and progenitors to identify potential therapeutic targets or markers of minimal residual disease. [8] [9] [10] Most of these markers have not been tested for their capacity to discriminate within 1 sample subpopulation with high repopulating capacity vs those lacking this stem cell-like feature using in vivo assays, 4, 5, 8, 10 so that the CD34 1 CD38
2 phenotype remains the most intensely studied LSC phenotype to date. 2, 11 However, development of more permissive immunodeficient mouse models revealed engraftment potential of leukemic populations that were previously considered devoid of LSC activity, such as the CD34 low/2 and CD38 1 compartments, 4, 5 indicating that the LSC phenotype might not be uniform in different genetic AML subgroups.
More recently, CD93 was identified as a novel LSC marker for MLL rearranged AML samples further supporting this hypothesis. 12 Despite the phenotypic heterogeneity among AML samples, there is strong evidence that engraftment capacity in immunocompromised mice is highly associated with clinical outcome in adult and pediatric patients, 13, 14 emphasizing the need for better characterization of this functionally distinct subpopulation. Here we describe an approach in which deep sequencing technology was used in combination with functional in vivo experiments and mutational analyses to explore the relationship between genetic background, gene expression, and the frequency of LSCs in AML. With this integrative approach, we identified the surface protein GPR56 as a novel LSC marker independent of the CD34 1 CD38 2 LSC phenotype and linked its expression to genetic groups and clinical outcome.
Materials and methods

Patient samples
Specimens from adult AML patients were analyzed and cryopreserved at the Quebec Leukemia Cell Bank at Maisonneuve-Rosement Hospital, Montreal, after obtaining written informed consent from all patients. 
Cell culture
For in vitro studies, AML cells were plated in 384-well plates (Greiner, 781182) at a density of 5000 cells in 50 mL volume per well. For in vivo experiments AML cells were seeded in T25 culture flasks (Sarstedt) at a density of 0.5 3 10 6 cells/mL before sorting and transplantation. Engineered NUP98-HOXD13 fusion gene (ND13)1MN1 CD34
1 cord blood cells were generated and cultured as described. 15 A total of 10 000 sorted cells was plated to compare the progeny generated by each fraction.
Cell lines
HEK293T and KG1a cell lines were purchased from ATCC and cultured in Dulbecco's modified Eagle medium containing 10% heat inactivated fetal bovine serum.
Flow cytometry and cell sorting
Flow cytometry was performed on a BD LSR II cytometer equipped with an HTS device or on a BD Canto II cytometer (BD Bioscience), and results were analyzed with BD fluorescence-activated cell sorter (FACS) Diva 4.1 and FlowJo X softwares. Cell sorting was performed under sterile conditions on a BD Aria II cell sorter.
The following FACS antibodies were used: anti-human CD45 Pacific Blue 
Xenotransplantation assays
NOD.Cg-Prkdc
scid Il2rg tm1Wjl /SzJ (NSG) mice purchased from Jackson Laboratory were bred in a specific pathogen-free animal facility at the Institute for Research in Immunology and Cancer and CHU de Quebec. All experiments involving animals followed the recommendations of the Canadian Council on Animal Care and were approved by the Deontology Committee on Animal Experimentation at University of Montreal and University Laval. NSG mice were used for all experiments involving primary human AML samples. NSG mice transgenic for human interleukin-3, granulocyte macrophage colonystimulating factor, and Steel factor (NSG-3GS) 16 were bred in the animal resource center at the British Columbia Cancer Research Centre and experiments were carried out in accordance with Canadian Council on Animal Care guidelines with approval from the University of British Columbia. NSG-3GS mice were only used for transplantation of genetically engineered CD34 1 cord blood cells.
Compounds
Stem Regenin1 (SR1) was purchased from Alichem (41864). UM729 was synthesized at the Medicinal Chemistry Core Facility at the Institute for Research in Immunology and Cancer. All powders were dissolved in dimethylsulfoxide (DMSO) and diluted in culture medium immediately before use to obtain a final concentration of 500 nM for SR1 and UM729. Final DMSO concentration was 0.1% in the in vitro experiments and 0.01% in the in vivo experiments.
RNA isolation
RNA was isolated from primary AML cells using Trizol reagent according to the manufacturer´s instructions (Invitrogen/Life Technologies), with an additional purification on RNeasy mini columns (Qiagen) to obtain high-quality RNA.
Exome and RNA-Seq
Libraries were constructed with the TruSeq DNA and RNA Sample Preparation Kits and exons were captured using TruSeq Exome Enrichment Kit (Illumina). Sequencing was performed using an Illumina HiSequation 2000. Sequence data were mapped to the reference genome hg19 using the Illumina Casava 1.8.2 package and Elandv2 mapping software according to the RefSeq database (University of California, Santa Cruz, April 16, 2014) .
Publicly available RNA-Seq and microarray datasets RNA-Seq data from 179 primary human AML samples were downloaded from The Cancer Genome Atlas (http://cancergenome.nih.gov). Sample and patient characteristics as published in the Cancer Genome Atlas Research Network work 17 were used for sample annotation. Microarray and clinical data for 461 AML patients by Verhaak et al 18 were available through www.leukemia-geneatlas.org. 19 
Statistical analysis
Statistical analyses were done with GraphPad Prism v 6.01 and R. MannWhitney U tests were performed for comparison of 2 unpaired variables and Wilcoxon matched pairs signed-rank test for paired variables, when normal distribution could not be confirmed. Bars and error bars indicate means and standard deviations if not otherwise specified in figure legends. LSC frequencies with 95% confidence intervals (CI) were estimated with Extreme Limiting Dilution Analysis software (http://bioinf.wehi.edu.au/software/elda/) and significant differences in LSC frequency were calculated by x 2 test. 20 In cases where all mice were positive or negative, a hypothetical positive or negative mouse was added to allow grouping into high, medium, and low LSC frequencies based on the mean estimate value. Fisher's exact test was used to analyze sample term enrichment in subsets of AML samples. Survival analyses were done with the survival package for R. Log-rank test was used to determine significant differences in survival between 2 groups. Hazard ratios (HR) and 95% CI were 
Results
Identification of LSC-associated genes
To identify genes associated with LSC activity in human AML, we determined LSC frequencies of 56 mainly normal karyotype AML specimens in NOD.Cg-Prkdc scid Il2rg tm1Wjl /SzJ (NSG) mice through limiting dilution analyses ( Figure 1A , Table 1 , and supplemental Table 1 for specimen characteristics). We identified 10 samples with high engraftment levels in all mice injected with the lowest cell number (LSC frequencies .1 in 32 000) and 25 samples with no or very low engraftment at highest dose (LSC frequencies ,1 in 3 3 10 6 ), hereafter called LSC high and LSC low samples, respectively (supplemental Table 2 ). Our results confirmed a significant association between high LSC frequency and poor survival (P 5 .02, Figure 1B ). There was no difference in age, sex, white blood cell count, percentage of blasts, and proportion of normal karyotype and FLT3-ITD-positive samples between the groups, but a higher number of samples with TP53 aberration in the LSC high group (supplemental Figure 2A , supplemental Table 3 ). Through high-resolution transcriptome sequencing of these 56 specimens, we identified a set of genes significantly differentially expressed in LSC high versus LSC low samples (supplemental Table 4 ). Genes more highly expressed in LSC high samples were significantly enriched for published LSC and HSC gene sets (supplemental Figure 2B , supplemental Table 5 ) and comprised genes with known function in normal HSCs such as GATA2, DNMT3A, and DNMT3B. 21, 22 Conversely, genes downregulated in LSC high samples were associated with granulocytic and monocytic differentiation such as CEBPD, CD14, IRF8, FCGR2A, FCER1G, and FCGRT. Ranking of genes from highest to lowest LSC high /LSC low ratios revealed the adhesion G-protein-coupled receptor 56 (GPR56) as the most discriminatory candidate (6.5-fold difference, P 5 .0007, Figure 1C ) with a mean reads per kilobase per million mapped reads (RPKM) expression value of 46 in LSC high vs 7 in LSC low samples. GPR56 was also expressed in normal T cells and CD34 1 subpopulations, with higher expression in the more immature CD34 Figure 1D ). We observed no difference in the distribution of GPR56 transcript variants and resulting isoforms between leukemic and healthy cell populations (supplemental Figure 2C ). Furthermore, we found that genes with known function in HSCs and LSCs such as MSI2 23 and DNMT3B, 21 and the drug efflux transporters ABCG1, ABCC1, and ABCA2 correlated with GPR56 expression ( Figure 1E ; supplemental Table 6 ). To test whether proportions of positive cells determined by flow cytometry also correlated with LSC frequencies we stained 45 AML samples with antibodies against GPR56, CD34, and other described LSC markers. We observed a strong correlation between GPR56 gene expression and the percentage of positive cells determined by flow cytometry ( Figure 1F ) similar to what we observed for CD34 (supplemental Figure 2D ; see supplemental Figure 1 and the supplemental Methods section for detailed antibody validation), suggesting that GPR56 might represent a novel LSC marker. Whereas CD34 alone did not correlate with LSC frequencies, proportions of GPR56 Figure 1G ).
Gene expression levels of CD47 10 were significantly higher in LSC high compared with LSC low samples, but flow cytometry analysis revealed that .95% of total and of CD34 1 blasts were CD47 1 independent of LSC frequencies (supplemental Figure 3) . CLL1 24 expression inversely correlated with LSC frequency at the gene and protein expression levels. All other tested LSC markers (TIM3, CD96, CD44,  CD123) 8,9,25-27 did not correlate with LSC frequency in our sample collection (supplemental Figure 3) . Together, GPR56 appeared to be the most promising marker to identify subpopulations of primary human AML cells with different stem cell-like properties.
GPR56 expression is associated with poor outcome and specific genetic lesions
As part of the Leucegene Project (www.leucegene.ca), we performed RNA-Seq on a total of 437 primary AML samples. Because high GPR56 expression had been linked to EVI-mutated AML before, 28 we questioned whether high GPR56 expression was an exclusive feature of this specific AML subgroup. We divided all 437 AML samples into 4 groups based on high (above the median) vs low (below the median) GPR56 and CD34 expression ( Figure 2A ) and found that each group was highly enriched for different sets of mutations: CD34 high GPR56 high specimens were significantly enriched for samples with high molecular and cytogenetic risk comprising all 11 EVI1/MECOM-rearranged samples, the majority of samples with chromosome 5 and 7 anomalies, and mutations in RUNX1 and IKZF1, which we had found to be frequently mutated in EVI1-rearranged AML. 29 Moreover, this group was enriched for patients with poor survival (,3 years), relapsed or refractory AML, and no achievement of first complete remission. CD34 low
GPR56
high samples were enriched for FLT3-ITD with or without additional NPM1 mutation and DNMT3A mutated samples. The majority of MLL-rearranged and samples with monocytic/monoblastic morphology and NPM1-mutated samples without FLT3-ITD expressed low levels of both genes (CD34 low GPR56 low ), whereas the fourth group (CD34 high GPR56 low ) comprised all 20 samples with t(8;21) and 27 of 29 samples with inv(16), both associated with favorable prognosis 30 and known to rarely engraft in xenotransplantation assays. 14 These observations were validated on the publicly available AML dataset from The Cancer Genome Atlas (supplemental Figure 4) . 31 RNA-Seq analysis of paired diagnosis-relapse samples revealed that GPR56 expression was similar or higher in 16 of 22 samples at relapse ( Figure 2B ). In line with these observations, high GPR56 expression was significantly associated with poor survival in patients of all ages and those younger than 60 years (supplemental Figure 5A) . These results were confirmed in The Cancer Genome Atlas cohort and in 2 independent microarray datasets comprising 549 32 and 461 18 AML patients (supplemental Figure 5B-D) . To determine whether GPR56 discriminates engrafting LSCs from non-LSCs we sorted GPR56 1 and GPR56 2 cells within the CD34 1 and CD34 2 compartments from selected specimens with known engraftment potential (outlined in Figure 3A ). Sorted cells were injected in NSG mice at cell numbers respecting the percentage of each compartment in the bulk at the time of sorting (detailed description in our "Materials and methods" section and Figure legends) . Equal cell numbers of each fraction were also analyzed in vitro to determine differences in proliferative potential. We performed a complete limiting dilution analysis on each sorted fraction for sample 05H163 and observed that CD34 1 GPR56 1 cells, which represented only 16% of the bulk, yielded the same engraftment levels as bulk cells at all 3 tested cell doses ( Figure 3B ; eg, 5 3 10 4 bulk cells and 8 3 10 Figure 3C ; supplemental Table 7 ). When considering the proportions of subsets in the bulk, the CD34 1 GPR56 1 fraction contributed at least 78-fold more to the total LSC pool than the other For personal use only. on November 13, 2017. by guest www.bloodjournal.org From fractions (supplemental Figure 6B) . Given that differences in engraftment capacity were seen at all 3 cell doses, we performed subsequent experiments at 1 cell dose only, at which we expected robust engraftment based on previous experiments. To assure that enough cells had engrafted, we performed bone marrow aspirations at 8 and 12 weeks before euthanizing the mice at 14 weeks (supplemental Figure 6C , supplemental Table 8 ). Combinatorial flow cytometric analysis of CD34 and GPR56 protein expression revealed distinct staining patterns (supplemental Figure 6D) . Hypothesizing that differences in phenotype profiles might underlie different regulatory networks, we selected 3 samples in which GPR56
1 cells were part of the larger CD34 1 fraction (profile I; supplemental Figure 6D ) and 3 in Figure 3D ; supplemental Figure 6D ).
In that line, we observed in vitro that sorted CD34 Figures 1D and 6E ) and were therefore not further studied. In CD34 low GPR56 high AML samples (profile 2; Figure 3D , right panel; supplemental Figure 6C ), both GPR56 1 subsets (CD34 1 and CD34 2 ) contributed to leukemia propagation in mice ( Figure 3D ). GPR56 1 CD34 2 cells generated greater total but predominantly GPR56 1 CD34 2 and double-negative cells in vitro and yielded lower engraftment levels despite higher numbers of injected cells compared with GPR56 1 CD34 1 cells, indicating that they were less enriched in LSCs than double-positive cells. Doublenegative cells, which barely contributed to engraftment, were able to generate progeny in vitro when sorted from CD34 low GPR56 high samples, but gave rise mostly to double-negative cells.
To determine whether the GPR56 1 fraction overlapped with the previously described 2 CD34 1 CD38 2 LSC phenotype, we costained 7 AML samples, for which LSC activity was assessed in sorted fractions, with antibodies against CD34, GPR56, and CD38. In CD34 high GPR56 low samples, in which LSC activity was predominantly found in the double-positive fraction, we observed highly variable proportions of GPR56
1 cells within the CD34 For personal use only. on November 13, 2017 . by guest www.bloodjournal.org From ranging from 7% to 84% (supplemental Figure 7A) . In sample 05H163, in which LSCs were almost exclusively found in the CD34
1
GPR56
1 fraction (Figures 3B-C Figure 3D ), we found that neither CD38 nor GPR56 further subdivided the CD34 fraction because nearly all CD34 1 cells were at the same time CD38 2 and GPR56 1 (supplemental Figure 7B) .
However, the CD34
2
GPR56
1 LSC compartment, which we demonstrated to have repopulating potential in vivo, was not contained in the CD34 1 CD38 2 compartment and would be excluded by a sorting strategy based on CD34 and CD38. Together, these data showed that GPR56 either subdivided or identified LSCs beyond the CD34 1 CD38 2 LSC compartment. conditions. Bars are stacked (ie, the sum of stacked bars indicates total cell number). Equal numbers (5000 cells/well) of the 3 predominant fractions were seeded per well; bars and error bars represent means and standard deviations of 3 to 6 replicate wells.
Discussion
In this study, we combined RNA-Seq analysis with functional in vivo assays to identify novel LSC determinants in primary human AML and validated GPR56 as a marker of leukemic subpopulations with high NSG engrafting capacity. Whereas LSCs were originally defined as a subset of cells within the leukemic bulk, which engraft in immunocompromised mice and reestablish the hierarchically organized human disease similar to normal HSCs, 2,3 this definition has been modified by other groups to describe surface markers expressed preferentially on AML but not on normal CD34
1 cells. We analyzed our RNA-Seq data and performed FACS analysis on 45 primary AML samples to compare GPR56 expression with the most cited LSC markers in the literature. As expected, we observed heterogeneity in cell surface marker expression but were able to recognize 2 repetitive patterns with regard to CD34 and GPR56 staining besides the minor fraction of AML samples that were CD34 and GPR56 double negative. In the first group, we found that GPR56 subdivided the CD34 population and identified the majority of LSCs. In this group of AML specimens GPR56 also further subdivided the CD34 For personal use only. on November 13, 2017. by guest www.bloodjournal.org From Although such markers might be useful as therapeutic targets 9, 33 or markers of minimal residual disease, they obviously do not enrich for rare subsets of functionally distinct cells within the leukemic bulk. Other markers such as CLL1, CD96, or TIM3 were not associated with high LSC frequency in our dataset and did not correlate with loss of LSC activity during in vitro culture. Larger sample cohorts in these studies and analysis of genetic and morphologic subtypes enriched by these markers would be required to better elucidate these discrepant findings. Recently, CD93 was identified as a novel LSC marker in MLL-rearranged leukemias, 12 which have been suggested to represent a distinct AML entity based on differential gene expression studies. 34 We found that most MLL-rearranged and monocytic AML specimens were CD34 2
GPR56
2 double-negative and consequently did not contain a GPR56 1 LSC compartment, thus supporting the hypothesis that LSC phenotypes might not be uniform across genetically distinct AML subgroups. Interestingly, absence or low expression of GPR56 was not only associated with MLL-rearranged AML, but also with inv(16) and t(8;21), 2 cytogenetic aberrations associated with favorable prognosis, 30 which are known to rarely engraft in immunocompromised mice 15 and were therefore not assessed in our study. Whereas high GPR56 expression had been linked to EVI1-mutated AML before, 28 we found significant enrichment also for other genetic groups associated with poor prognosis, including FLT3-ITD and mutations in RUNX1 and TP53, 35 suggesting that GPR56 might be part of a common stem cell network induced by different mutational events. Accordingly, GPR56 expression on its own was associated with poor survival in our and several other published datasets. Given the significant association with various high-risk genetic lesions, assessment of GPR56 expression as an independent prognostic factor in AML becomes obsolete.
Identification of LSC markers not expressed on normal hematopoietic stem and progenitor cells would obviously be ideal because LSCs could be targeted without affecting normal hematopoiesis. However, there is strong evidence for a correlation between normal HSC gene expression, LSC activity, and bad outcome. 4 We found that GPR56 is highly expressed on the majority of normal CD34 
CD45RA
2 compartment and expressed a set of lymphoid genes, which is in line with reports on a lymphoid-primed multipotential progenitor-like phenotype of LSCs. 36 Although GPR56 has been attributed a role in homing of murine HSCs 28 and endothelial to hematopoietic stem cell transition, 37 its functional role in leukemia propagation remains to be determined.
In conclusion, we established GPR56 as a novel surface marker identifying leukemic subpopulations with high repopulating capacity, a key feature attributed to LSCs, in primary AML samples both in the CD34 1 and CD34 2 compartments, demonstrating its utility apart from the CD34
1
CD38
2 LSC-associated phenotype. We showed that high GPR56 expression is not restricted to EVI1-mutated samples as previously described, but a characteristic shared by various AML subtypes with high-risk genetic lesions and poor outcome.
